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Precerebellar neurons of the inferior olive (I0) and lateral reticular nucleus (LRN) migrate tangentially from the rhombic lip toward the
floor plate following parallel pathways. This process is thought to involve netrin-1 attraction. However, whereas the cell bodies of LRN
neurons cross the midline, I0 neurons are unable to do so. In many systems and species, axon guidance and cell migration at the midline
are controlled by Slits and their receptor Robos. We showed previously that precerebellar axons and neurons do not cross the midline in
the absence of the Robo3 receptor. To determine whether this signaling by Slits and the two other Robo receptors, Robol and Robo2, also
regulates precerebellar neuron behavior at the floor plate, we studied the phenotype of Slit1/2 and Robo1/2/3 compound mutants. Our
results showed that many I0 neurons can cross the midline in absence of Slit1/2 or Robo1/2, supporting a role for midline repellents in
guiding precerebellar neurons. We also show that these molecules control the development of the lamellation of the inferior olivary
complex. Last, the analysis of Robo1/2/3 triple mutants suggests that Robo3 inhibits Robo1/2 repulsion in precrossing LRN axons but not

in I0 axons in which it has a dominant and distinct function.
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Introduction

At all levels of the nervous system, axons cross the midline, dor-
sally or ventrally, to form commissural projections (Williams et
al., 2004; Lindwall et al., 2007). In most cases, only the axons
project to the controlateral side, but sometimes cell bodies also
cross, which ultimately leads to an ipsilateral projection (George
et al., 2007) (see also below). More rarely, commissures are
formed by a migration of neuronal cell bodies or the extension of
dendrites across the midline (Simon and Lumsden, 1993; Furrer
etal., 2003; Suli et al., 2006). In humans, defects in the formation
of commissures during development often results in major brain
or motor dysfunction (Engle, 2007; Paul et al., 2007).

Midline crossing has been described in virtually all animal
species and the molecular mechanisms regulating this process are
known to be highly conserved in evolution (Goodman, 1994).
Two ligand/receptor couples play a major role in this process:
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netrin-1/deleted in colorectal cancer (DCC) and slit/roundabout
(Robo) (Dickson, 2002; Dickson and Gilestro, 2006).

In vertebrates, hindbrain precerebellar neurons represent an
excellent system for studying the regulation of midline crossing.
They all originate from the rhombic lip, a dorsal stripe of neuro-
epithelium lining the edges of the fourth ventricle (Wingate,
2001). Inferior olivary neurons (IO neurons) are the source of the
climbing fibers and synapse on Purkinje cell dendrites in
the cerebellar cortex. All other hindbrain precerebellar neurons,
the lateral reticular nucleus (LRN), the external cuneatus nucleus
(ECN), and the pontine neurons (nucleus reticularis tegmenti
pontis and basal pontine gray) (PN), send mossy fibers on gran-
ule cell dendrites. During development, hindbrain precerebellar
neurons migrate tangentially from the rhombic lip toward the
floor plate (Bourrat and Sotelo, 1990a,b; Kawauchi et al., 2006).
On reaching the floor plate, they exhibit distinct behaviors: 10
neurons stop and only their axons cross, LRN and ECN neurons
cross entirely, and most PN neurons stop but some also cross
(Fig. 1). Netrin-1 was shown to attract all precerebellar neurons
toward the midline (Bloch-Gallego et al., 1999; Yee et al., 1999;
Causeret et al., 2002). We showed previously that the receptor
Rigl/Robo3 (hereafter referred to as Robo3) has a major function
in this process (Marillat et al., 2004) because precerebellar neu-
rons are unable to cross the midline in Robo3 ™/~ mutant em-
bryos and send their axons into the ipsilateral cerebellum. Robo3
plays a similar role in spinal cord commissural axons (Sabatier et
al., 2004). The current working model is that Robo3 somehow
interferes with Slit-mediated repulsion, thereby allowing Robo1/
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Figure1.  Organization of |0 and LRN projections. A, Schematic representation of the migra-
tion pathways (dashed lines) and projections of 10 neurons (green) and LRN neurons (purple) to
the cerebellum (ce). These neurons come from the rhombic lip and migrate ventrally toward the
floor plate (fp). The cell bodies of 10 neurons stop at the ventral midline, whereas LRN neuron
crossit. However, 10 axons also cross the midline. B, ¢, Whole mount (B) (ventral side) or coronal
section () of E18 mouse embryos injected with DiA [4-(4-dihexadecy-lamino)-styryl)-N-
methylpyridinium iodide] in the right side of the cerebellum and Dil in the left side. 10 neurons
are labeled on the controlateral side of the injection and LRN on the ipsilateral side. Scale bars:
B, 740 um; €, 500 um.

2-expressing axons to reach and cross the midline (Long et al.,
2004; Sabatier et al., 2004). To test this model, we analyzed here
the development of posterior precerebellar neurons (IO, LRN,
and ECN) in mice deficient for Slit1 and Slit2 or Robo receptors
(Plump et al., 2002; Grieshammer et al., 2004; Long et al., 2004).

Materials and Methods

Mice. Swiss mice (Janvier) were used for expression studies. Slit-deficient
mice and Robo-deficient mice (all in C57BL/6 inbred strain) were de-
scribed previously and genotyped by PCR (Plump et al., 2002; Griesham-
mer et al., 2004; Long et al., 2004; Sabatier et al., 2004; Fouquet et al.,
2007). The day of the vaginal plug was counted as embryonic day 0 (E0),
and the day of the birth as postnatal day 0 (P0).

Immunocytochemistry. Until E16, embryos were fixed by immersion in
4% paraformaldehyde in 0.12 M phosphate buffer, pH 7.4 (PFA). Older
mice were perfused transcardially with 4% PFA, postfixed for 3 h, and
then cryoprotected in 10% sucrose. Cryostat sections were blocked in
0.2% gelatin in PBS containing 0.25% Triton X-100 (Sigma-Aldrich)
and incubated overnight at room temperature with rabbit anti-g-
galactosidase (MP Biomedicals), rabbit anti-green fluorescent protein
(GFP) (Invitrogen), chicken anti-GFP (Abcam), rabbit anti-Brn3.2 (Mil-
lipore Bioscience Research Reagents), rabbit anti-Pax6 (Millipore Bio-
science Research Reagents), mouse anti-Calbinding,q (Swant), goat
anti-ALCAM (activated leukocyte-cell adhesion molecule)/BEN (R&D
Systems), followed by species-specific secondary antibodies directly con-
jugated to fluorophores (Jackson ImmunoResearch or Invitrogen). Sec-
tions were examined under a fluorescent microscope (DMR6000; Leica)
or a confocal microscope (SP5; Leica).

In situ hybridization. Antisense riboprobes were labeled with
digoxigenin-11-p-UTP (Roche Diagnostics) as described previously
(Marillat et al., 2002), by in vitro transcription of mouse or rat cDNAs
encoding Slit1, Slit2, Slit3, Robol, Robo2 (Brose et al., 1999), Robo3
(Marillatetal., 2004), Brn3.2, TAG-1, Pax6 (de Diego et al., 2002), Barhl1
(Li et al., 2004), and Er81 (Zhu and Guthrie, 2002). Tissue sections and
whole-mount embryos were hybridized with digoxigenin-labeled ribo-
probes as described previously (Marillat et al., 2002, 2004).

1,1'-Dioctadecyl-3,3,3',3' -tetramethylindocarbocyanine injection. After in-
tracardiac perfusion with 4% PFA, a small occipital craniotomy was
performed to expose the cerebellum of E18—P0 mice. A small crystal of
lipophilic tracer 1,1'-dioctadecyl-3,3,3',3’-tetramethylindocarbocyanine
(Dil) (Invitrogen) attached to the tip of a broken glass pipette was applied on
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one side of the cerebellum. After 2—3 weeks at 37°C in the dark, the brain was
dissected out and photographed. Some injected brains were also embedded
in 2% agarose, and cut in 200-um-thick sections with a vibratome (Leica).
The sections were then counterstained in a solution of 10 pg/ml Hoechst
33258 (Sigma-Aldrich) in PBS for 30 min, rinsed three times in PBS, and
stored in 4% PFA.

Statistical analysis. To quantify the number of IO neurons entering the
midline, three series of 20-um-thick sections were obtained from E13
embryos hindbrain. One series was double labeled with Brn3.2 and Pax6,
counterstained with Hoechst, and used for counting.

On each section of the series containing olivary neurons, the number
of Brn3.2-positive/Pax6-negative neurons in a 45-um-wide region cen-
tered on the midline was counted using MetaMorph software (Molecular
Devices). Series from three to five animals of each genotype were
counted. For statistical analysis, we used a paired t test (GraphPad Soft-
ware) to compare two conditions (wild type/other genotype). Compiled
data are expressed as mean = SEM.

Results

Expression of Robo receptors in migrating

precerebellar neurons

Using in situ hybridization, we first showed that IO neurons and
LRN neurons expressed mRNA encoding Robol, Robo2, and
Robo3 at E12-E13, during their migration from the rhombic lip
(Fig. 2A-C) (Marillat et al., 2002, 2004). As previously described,
Robo3 was rapidly downregulated after their leading processes
crossed the floor plate (Fig. 2C) (data not shown) (Marillat et al.,
2004). In Robol-deficient mice, a cassette encoding
B-galactosidase was inserted in the Robol locus (Long et al.,
2004). Similarly, B-galactosidase-fused with tau was inserted into
the Robo2 locus (Grieshammer et al., 2004). In E13-E15
Robol ~'~ mice, B-galactosidase immunoreactivity (restricted to
intracytoplasmic vesicles) was detected in migrating IO neurons
that expressed the transcription factor Brn3.2 (Fig. 2D)
(McEvilly et al., 1996), and in LRN neurons, which were not
labeled by Brn3.2 antibodies (data not shown). Likewise, these
neurons also expressed -galactosidase in E13-E15 Robo2 '~
mice, but in this case, the whole cell was labeled (Fig. 2F-H ). We
could also confirm that mRNAs encoding the three mouse slit
genes (Slit1-Slit3) were expressed by floor plate cells in the hind-
brain during precerebellar neuron migration (supplemental Fig.
1, available at www.jneurosci.org as supplemental material).

Abnormal migration of IO neurons across the floor plate in
Robo mutants

We showed previously that all precerebellar neurons and axons
are unable to cross the ventral midline in mice deficient for Robo3
(Marillat et al., 2004) (see below). By analogy with the current
model of Robo3 function in spinal cord commissural axons (Sa-
batier et al., 2004), we proposed that this phenotype was attrib-
utable to a premature activation of Robol and Robo2 receptors
by floor plate-derived slits. The validation of this hypothesis first
requires showing that Robol and Robo2 mediate a repulsive Slit
signal for precerebellar neurons. To test this model, we analyzed
the phenotype of Robol, Robo2, Slit1, and Slit2 single and double
knock-out mice. As shown previously, our Robol allele is likely to
be a severe hypomorph rather than a complete null (Long et al.,
2004; Lopez-Bendito et al., 2007). IO neurons were visualized
using Brn3.2 immunostaining (Fig. 3A-K). LRN neurons were
identified using Pax6 immunostaining and Hoechst staining (Fig.
3B,C) (Engelkamp et al., 1999). These two types of neurons are
known to migrate tangentially close to the pial surface of the
caudal hindbrain following two parallel and independent routes,
just under the pial surface for LRN neurons, and deeper in the
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Expression of Robo receptors in migrating 10 and LRN neurons. A-C, Consecutive coronal sections of E12 mouse
embryos hybridized with digoxygenin-labeled riboprobes for Robo (4), Robo2 (B), and Robo3 (C). Precerebellar neurons leaving
the thombic lip express the three mRNAs (arrowheads). D, E, Three micrometer coronal sections of E13 Robo7 ~/~ embryos.
Punctate 3-galactosidase immunoreactivity is detected both in Brn3.2-immunopositive 10 neurons (D, arrowheads) (3 um
confocal image) and in LRN neurons (visualized by Hoechst staining) (E, arrowheads) (3 wm confocal image). F~H, Coronal
sections of E13 Robo2 ~/~ embryos. Diffuse B-galactosidase immunoreactivity is detected in 10 neurons (10 in F) and the
marginal stream of migrating LRN neurons (F, arrowheads). 3-Galactosidase is coexpressed with Brn3.2in 10 neurons (G) and in
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nucleus located on the contralateral side was
observed (Fig. 4A,D) (data not shown). IO
axons could be visualized as they crossed the
floor plate in the interolivary commissure. In
contrast, an increasing number of Dil-
labeled IO neurons was observed on the in-
jection side in all Robo2 ™'~ (n = 3),
Slir2 ™'~ (n=3),Slit1 ~/~Sli2 ™'~ (n=5),
and Robol ~/";Robo2™’~ (n = 8) mutant
mice (Fig. 4B,C,E,F). The ipsilateral Dil-
labeled IO neurons were found in all IO sub-
divisions, with some variability between
cases. Their proportion (determined by
counting, on 5 wm confocal images, the
number of Dil-labeled cells on each side)
varied between 10 and ~40% of the labeled
neurons in Robol ~/ ;Robo2 /" embryos
(Fig. 4F). This difference between animals
may be attributed to the variability of the Dil
tracing efficiency and injection sites between
animals, and does not provide an exact value
of the total number of ipsilateral/contralat-
eral IO neurons. This could suggest that, in
these mutants, some IO axons failed to cross
the midline and projected ipsilaterally (a hy-
pothesis that would argue against a repulsive
activity of Slit/Robo). However, we rather
propose that the ipsilateral IO projection is
attributable to aberrant midline crossing by
some IO neurons, an interpretation sup-
ported by the significant increase of Brn3.2-
positive IO neurons in the mutants floor
plate.

the stream of LRN neurons visualized with Hoechst (H, arrowhead) (3 um confocalimage). Scale bars: A-C, 170 wm; D, 8 wm; E,

20 m; F, 100 wm; G, 26 um; H, 10 wm. XII, Hypoglossal motor nucleus.

brain parenchyma for 10 neurons (Fig. 3A,B). Whereas LRN
neurons cross the floor plate to settle on the opposite side of the
brain, IO neurons are unable to cross it (Fig. 1C). This distinct
behavior could be seen using Brn3.2 and Hoechst double stain-
ing. In our working model, Robo1l and Robo2 cooperate to pre-
vent the cell bodies of IO neurons from crossing the midline. We
first quantified the number of Brn3.2 IO neurons encountered in
the floor plate of wild type, SIlit1/2 and Robol/2 knock-outs, at
E13, when the bulk of IO neurons reaches the midline (Fig. 3A—
K). The number of 10 neurons found in the floor plate was
extremely low in wild type (1 = 5) aswell as in Robol ™/~ (n = 3),
Robol /= (n = 4), Robo2*’~ (n = 5), and Slitl /= (n = 3)
embryos (Fig. 3D-F,H,L) (data not shown). In contrast, there
was a significant increase of the number of IO neurons in the
midline of Robo2™"~ (n = 4 of 4), Slit2™’~ (n = 5 of 5), and
Slit1 ~/7;Slit2 ™/~ (n = 3 of 3) mutant embryos, which reached a
maximum in Robol ~/ ~;Robo2 '~ (n = 4 of 4) double mutants
(Fig. 3I-L). In all these knock-outs, midline crossing by LRN
neurons was always observed as in wild-type embryos (Fig. 3).
This result suggested that, in these mutants, IO neurons were less
sensitive to midline-derived Slits and may cross the ventral mid-
line. To further confirm that some IO neurons may cross the
midline in Slit and Robo knock-outs, Dil was injected unilaterally
in the cerebellum of E18 —P0 animals (Marillat et al., 2004). In all
wild type (n = 5), Robol /" (n=05),8lit]1 ' (n = 2), and
Slit2*/~ (n = 2) mice, a retrograde tracing of the inferior olivary

Abnormal morphology and lamellation

of the inferior olive in Slit and

Robo knock-outs
In wild-type mice, the transcription factors Brn3.2 and Er81 (Zhu
and Guthrie, 2002; Marillat et al., 2004) are strongly expressed in
specific subdivisions of the inferior olivary complex, symmetri-
cally organized on both sides of the floor plate. Three main 10
subdivisions can be recognized in all vertebrate species (Azizi and
Woodward, 1987), the medial accessory olive (MAO), the dorsal
accessory olive (DAO), and the principal olive (PO) (Fig. 5).
These main subdivisions can be further divided into smaller en-
tities (subnuclei). For instance, the MAO comprises a horizontal,
avertical, and a rostral lamella; the DAO is subdivided into dorsal
and ventral folds; and the PO into ventral and dorsal lamellas. IO
neurons in each of these subnuclei project to specific sagittal
stripes within the vermal and hemispheric cortices (Azizi and
Woodward, 1987). Brn3.2 is expressed by all IO neurons but at
different intensities depending on their subnuclear location: the
lateral part of the ventral fold of the DAO, the medial one-half of
the dorsal lamella of the PO, and the ventral part of the central
MAO are those with the highest expression. In contrast, Er81 is
highly, also unevenly expressed in the DAO and PO but is ex-
cluded from the MAO (Fig. 5G). The use of these transcription
factors, combined with other IO neuron markers [calcium-
binding protein calbindin D28K (CaBP), BEN] allows an almost
perfect identification of most of the olivary subnuclei in wild-
type and knock-out mice. In Slit1/Slit2 and Robol/Robo2 single
and double mutants, all IO neurons were still able to migrate
ventrally on both sides of the floor plate (no ectopic neurons were
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found along the migration route), but the
overall morphology of the nuclear com-
plex was modified. In situ hybridization
with Er81 riboprobes showed that, in E18
embryos, the IO was more compact and
closer to the midline in Slit2 ™/~ (n = 2 of
2) and Robo2 ™/~ (n = 5 of 5) single mu-
tants or in Slitl 7 7;Slit2 ™/~ (n = 4 of 4)
and Robol ~/";Robo2™'~ (n = 6 of 6)
double mutants than in wild type, Slitl
(n=30f3),and Robol (n = 6 of 6) single
mutants or heterozygous mice (Fig. 5A—
D,G-I) (data not shown). The increased
mediolateral compaction of the 10 nu-
cleus was also observed in embryos labeled
with Brn3.2 probes or antibodies (Fig.
5E,F,J-L). This abnormal structure of the
IO complex was even more striking on
coronal sections from Skitl ~/~;Slit2 ™/~
and Robol ~/ ~;Robo2 /™ mutants labeled
with Brn3.2 or Er81. First, the dorsal la-
mella of the DAO was more compact,
more dorsal, and abnormally curved to-
ward the floor plate, and second, the MAO
was interwoven with the PO (Fig. 5G-M).
Despite these important cytoarchitectonic
changes, neurons from the different 10
subdivisions were apparently not mixed,
as shown using immunostaining for
Brn3.2 and CaBP (Marillat et al., 2004) (sup-
plemental Fig. 2, available at www.jneuro-
sci.org as supplemental material). Likewise
BEN-positive IO neurons were still clustered
(data not shown). At E18, Robo2 mRNA was
more highly expressed in the DAO and dor-
sal MAO (supplemental Fig. 2, available at
www.jneurosci.org as supplemental mate-

number of Brm3.2
cells in midline

Figure 3.
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10 neurons cross the midline in Slit and Robo mutants. A-C, Coronal sections of E13 wild-type (4, B) and

rial). Robo2 in situ hybridization on sections
from Slit1/2 double mutants confirmed the
abnormal compaction of the DAO (supple-
mental Fig. 2, available at www.jneurosci.org
as supplemental material). These results
show that the final positioning of IO neurons
and particularly the lamellation of the infe-
rior olive are at least partially controlled by
Slit/Robo signaling.

Robo7 ~~;Robo2 ~/~ (C) embryos immunolabeled with anti-Bm3.2 and anti-Pax6 antibodies. In both types of embryos, 10
neurons migrate in the submarginal stream (arrows) and express only Brn3.2, whereas LRN neurons migrate in the marginal
stream (arrowhead) and express only Pax6. Note that Brn3.2-positive cells are observed in the midline of the Robo7 /=
Robo2 ~/ ~ embryo (asteriskin €) and notin wild type (4, B). D—K, Coronal sections at the level of the 10 of E13 embryos of Slit and
Robo compound knock-outs immunolabeled for B3.2 (D-K') and counterstained with Hoechst (E-K). Brn3.2-positive |0 neu-
rons are found in the floor plate of S/it2 =/~ (G), Robo2 ~/~ (I), Slit1 ~/~; Slit2 "~ (J), and RoboT ~” ~;Robo2 ~/~ (K)
embryos but not in wild type (D, ), Slit7 ~”~ (F), or Robo7 ~/~ (H) mutants. In all cases, LRN neurons cross the midline. L,
Quantification of the number of Brn3.2-positive 10 neurons in the midline of Slit and Robo mutants (see Materials and Methods).
n'is the number of animals analyzed for each genotype. NS, Nonsignificant. *p = 0.05; **p = 0.01; ***p << 0.005. Error bars
indicate SEM. Scale bars: A-C, 175 um; DK, 65 um.

Phenotypic changes in brainstem mossy fiber neurons (LRN/
ECN) in Slit and Robo knock-outs

We next examined whether LRN/ECN neurons were also affected
by the absence of Slit1/2 or Robol/2 using in situ hybridization
for Barhll, a transcription factor strongly expressed by these neu-
rons (Li et al., 2004). The position of the LRN was still compara-
ble with wild type in the double Slit] =/ 7;Slit2 ™'~ (n = 10 of 10)
and Robol ~/;Robo2 /™ mutants (n = 9 of 9), although the
nucleus was thinner and its size apparently reduced (Fig. 6). Like-
wise, ECN neurons were found at their normal dorsal location,
caudal to the cerebellum (Fig. 7) but in their case, the organiza-
tion/morphology of their nuclei was very perturbed, especially in
double mutants. Whereas the ECN morphology did not seem
affected in Slit] =/~ (n = 4) and Robol /'~ (n = 4) single mu-
tants (Fig. 7), the ECN was less compact and more elongated
caudally in Sli2 /" (n =3 0f3) and Robo2 '~ (n = 6 of 6)

mutants. This caudal extension of the ECN associated with a
fragmentation of the nucleus was much more pronounced in
Slit] =/ 7;S1it2 ™/~ (n = 10 of 10) and Robol ~/ “;Robo2 ™'~ (n =
9 of 9) double mutants (Fig. 7). These results confirm that the
migration of hindbrain precerebellar neurons is controlled by
Slit/Robo signaling.

Migration of LRN and IO neurons in Robo1/2/3

triple mutants

The current working hypothesis of Robo3 function in hindbrain
and spinal cord commissural projections is a negative regulation
of Robol/2-mediated Slit repulsion before midline crossing. In
this model, Robo3 somehow prevents Slits from activating
Robo1/2 receptors during axonal and neuronal migration toward
the floor plate. Accordingly, we showed that Robo3-expressing
precerebellar axons or neurons are unable to cross the ventral
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bryos. Scale bars: A-F, 120 m.

midline in Robo3 ™/~ mutants (Marillat et al., 2004) (see also
below) and that many IO neurons abnormally cross it in
Robol ~/;Robo2 "/~ double mutants. To try to further confirm
this model, we generated Robol ~/ ~;Robo2 ~/~;Robo3 /™ triple
mutants (hereafter referred to as Robo1/2/3 triple mutants) and
analyzed precerebellar neuron migration and axonal projections.
As described previously (Marillat et al., 2004; Sabatier et al.,
2004 ), GFP was inserted in the robo3 locus and was used to iden-
tify Robo3-expressing precerebellar neurons at E13 in Robo3
knock-outs, as they reach the floor plate. Migrating IO neurons
and LRN neurons can be clearly distinguished in Robo3™’~ mice
by double immunostaining for GFP and Brn3.2 (Fig. 8 A, B). Only
Brn3.2-negative/ GFP-positive LRN neurons cross the floor plate
(Fig. 8 A, B). The stream of LRN neurons crossing the floor plate
could also be visualized with in situ hybridization for BarhlI (Fig.
8C,D). As described above for Robol ~’ ~;Robo2 ~’/~ double mu-
tants, many IO neurons (Brn3.2 positive/ GFP positive) crossed
the floor plate in Robol ' ~;Robo2 /" ;Robo3"’~ mice (n = 2 of
2) (Fig. 8 E,F), in addition to LRN neurons (Fig. 8 E-H ). In con-
trast, no GFP processes or neurons were observed in the midline
of E13 Robo3 ™/~ mutants (n = 3 of 3), and both LRN and IO
neurons were found at an abnormal distance from the floor plate
(Fig. 8I-L). In Robo1/2/3 triple mutants (n = 2 of 2), IO neurons
were still able to form a nucleus near the ventral midline but no
Brn3.2-positive neurons were found inside the floor plate (Fig.
8 M,N) similarly to wild type and Robo3 single mutants but in
contrast to Robo1/2 double mutants. Although the number of cell
bodies of LRN neurons at the midline was reduced in E13 Robo1/
2/3 triple mutants (Fig. 8 M—O), many GFP- or BarhlI-positive
cells were found in the midline. By E15, the stream of crossing
LRN neurons was clearly visible using Barhl1 in situ hybridization
(Fig. 8 P) (n = 1). This suggests that, in contrast to IO neurons,
the Robo3 LRN migration defect is partially rescued in Robo1/2/3
triples.

The similarity between the IO axon midline crossing defects in
Robo1/2/3 triple mutants and Robo3 single mutants was con-
firmed by performing unilateral Dil injection into the cerebel-
lum. In both Robo3 single mutants (n = 8 of 18) and Robo1/2/3
triple mutants (n = 2 of 2), Dil-labeled 10 axons did not cross the
floor plate and projected ipsilaterally (Fig. 9A-D), instead of the
opposite side as in wild-type animals (compare with Fig. 4A).

Slit17;Slit2"

Robo1-;Robo2"

Ipsilateral 10 projection in Slit and Robo mutants. Coronal vibratome sections of E18 embryos injected unilaterally
into the cerebellum with Dil and counterstained with Hoechst. A—F, 10 neurons are retrogradely labeled on the controlateral side
in Slit7™/ ~,Slit2"*/~ (A) and Robo7 /™~ (D) embryos but an increasing number of Dil-labeled 10 neurons are found on the
ipsilateral side (arrowheads) in S/it2 ~/~ (B), Slit1 ~/~;Slit2 ~/~ (C), Robo2 ~/~ (), and Robo7 ~” ~;Robo2 ~/~ (F) em-
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Therefore, these observations suggest that
Robo3 function in the IO nucleus is not
merely to regulate Slit/Robo1l/Robo2 inhi-
bition and may even be dominant over
Robo1/Robo2 signaling. Coronal sections
of the inferior olive of E18 Robo1/2/3 triple
mutants labeled with Er81 probe (n = 2 of
2), or Brn3.2 and CaBP antibodies (sup-
E18 plemental Fig. 2, available at www.jneuro-
sci.org as supplemental material), showed
that IO lamellation was more severely per-
turbed than in Robo3 single mutants (Fig.
7E,F), thereby suggesting that the three
receptors cooperate to control IO
nucleogenesis.

Discussion

Slit/Robo interactions prevent 10
neurons from crossing the midline

His (1890) first proposed that, in human
embryos, inferior olivary neurons are gen-
erated dorsally in the rhombic lip and mi-
grate ventrally (Altman and Bayer, 1978).
This observation was confirmed experimentally in chick embryos
(Harkmark, 1954) and by birthdating studies in rodents (Ellen-
berger et al., 1969; Altman and Bayer, 1978, 1985). Slice culture
experiments showed that tangentially migrating inferior olivary
neurons send a long leading process across the midline but that
their cell body always stays ipsilateral (Bourrat and Sotelo, 1988)
(Fig. 10). The leading process of IO neurons transforms into an
axon that approaches the cerebellum as the cell body reaches to
the floor plate (Wassef et al., 1992). The floor plate was then
proposed to attract ventrally migrating precerebellar neurons
(Bourrat and Sotelo, 1990b), a process later shown to involve
DCC/netrin-1 (Bloch-Gallego et al., 1999; Yee et al., 1999;
Causeret et al., 2002). However, the molecular mechanism that
stops 10 cell bodies at the floor plate is unknown.

Slit/Robo signaling controls midline crossing by a variety of
axons (Dickson, 2002; Fouquet et al., 2007). In Drosophila, Slit/
Robo signaling also prevents tracheal, sensory precursor cells,
and cardiac cells from approaching the midline (Lundstrom et
al., 2004; Orgogozo et al., 2004; Santiago-Martinez et al., 2006).
In vertebrates, a similar function for Slit/Robo in the control of
neuronal migration at the midline has not been demonstrated.
We show here that IO neurons can cross the floor plate in Slitand
Robo mutants (Fig. 10). These results support a simple model
according to which the binding of midline-derived Slits to IO
neurons forces their cell bodies to stay on the ipsilateral side and
pushes their axons away from the floor plate after crossing. Al-
though this phenotype is stronger in Robol/2 double mutants,
some IO neurons also cross in Robo2 single mutants. Therefore,
Robo2 appears to have the strongest repulsive activity in this
system, but Robol cooperates with Robo2 to prevent crossing.
However, the Robol knock-out line used here was obtained by
gene trap method and may be only be a hypomorphic allele (Long
et al., 2004; Fouquet et al., 2007). Accordingly, their telencepha-
lon has a milder phenotype than another line obtained by classic
gene targeting method (Andrews et al., 2006; Lopez-Bendito et
al., 2007). It would be important to compare the IO development
of the two Robol lines. Although, in many types of commissural
axons, Robol and Robo2 were also shown to act redundantly
(Fouquet et al., 2007; Lopez-Bendito et al., 2007), Robol is the
major repulsive receptor in spinal cord commissural axons (Long
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et al,, 2004). Our data suggest that Robo2-
mediated repulsion prevails in IO neurons
over Robol. The IO neuron crossing de-
fects are also stronger in Slit1/2 double mu-
tants than in the SlitI and SIit2 single mu-
tants but more moderate than in Robol/2
double mutants. This suggests that some
floor plate repellent, most likely Slit3, is
still detected by IO neurons, as previously
observed in the spinal cord (Long et al.,
2004).

One important remaining issue is to
understand the cellular and molecular
mechanisms downstream of Robo recep-
tors that can selectively block the translo-
cation of IO nucleus before the floor plate.
Using the available anti-Robol and
-Robo2 antibodies, we were not able to de-
termine whether their cell membrane dis-
tribution is compartmentalized along IO
axons, as described for Drosophila com-
missural axons (Kidd et al., 1998; Keleman
etal.,2005) (T. Di Meglio and A. Chédotal,
unpublished data).

Er81

Slit/Robo signaling and 10 lamellation

In Slit and Robo mutants, the IO complex
is disorganized: although neurons are able
to reach the ventral midline, the morphol-
ogy of the three main IO subdivisions is
abnormal. In the Robo1/2 double mutants,
a fraction of olivary neurons (that do not
appear to belong to specific of IO subnu-
clei) migrate across the midline, and as a
consequence, the two inferior olives are
composed of a mixed population of neu-
rons originating from both sides. Although
the cytoarchitecture of these nuclei is
somewhat disrupted, the typical clustering
of inferior olivary subnuclei appears to be
preserved as shown using markers of 10
subsets, suggesting that neurons from the
two different sides may still preferentially cluster. However, the
different IO subdivisions are almost impossible to delimit in
Robo1/2/3 triple mutants. The aggregation of IO neurons and the
formation of the distinct lamella is a late process and the position
of 10 neurons depends on their birthdate (Bourrat and Sotelo,
1991). DAQO neurons are born first and are also the ones that are
the most affected in Slit/Robo mutants. Before IO subdivisions
adopt their final morphology, they already express different com-
bination of proteins (Wassef et al., 1992), including axon guid-
ance molecules and receptors (Chedotal et al., 1996; Nishida et
al., 2002; Backer et al., 2007). Interestingly, mice lacking the Rho-
GEF (guanine exchange factor) Trio exhibit IO lamellation de-
fects resembling those observed in Robol/Robo2 and Slit1/Slit2
mutants (Backer et al., 2007). Neurons of the DAO that are the
most severely affected were shown to strongly express
Cadherin-11 (Backer et al., 2007), but also Robo2 (this study).
Robo was previously found to inhibit N-cadherin-mediated ad-
hesion (Rhee et al., 2002), and in Caenorhabditis elegans, UNC-
73, the TRIO homolog, binds and modulates the repulsive activ-
ity of SAX-3 (Watari-Goshima et al., 2007). This suggests that, in
addition to controlling midline crossing, Robo receptors influ-

Figure 5.
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Abnormal morphology and lamellation of the 10 in Slit and Robo mutants. A-F, Ventral view of E18 whole-mount
embryos hybridized with £r81 (A-D) or Bm3.2 (E, F) riboprobes. In Slit7 ~/~,Sit2 ~/~ (B), Robo2 ~”~ (C), and Robo1 " ~;
Robo2 ~/~ (D, F) embryos, the 10 is more compact and closer to the midline than in wild-type () or Robo7™” ~;Robo2™ ~ (A)
embryos. Note that the DAO (arrowheads) is not found at its normal position. G—L, Coronal sections at the level of the 10
hybridized with £r87 riboprobe (G—I) or immunolabeled for Brn3.2 (J-L). Whereas in wild type (G, J), the DAO (arrowhead) is
found laterally, it is flipped over dorsally and compressed in Siit7 ~/~;S/it2 =/~ (H, K) and Robo7 ~/~;Robo2 "~ (I, L)
mutants, and the MAO (H, I, arrow) protrudes in the PO. M, Schematic representation of 10 lamellation defects. Scale bars: A-D,
220 m; E, F, 200 um; G-1, 100 pm; J-L, 85 um.

ence 10 nucleogenesis via homophilic and heterophilic interac-
tions (Hivert et al., 2002; Camurri et al., 2005) or by modulating
cadherin-mediated cell adhesion. This could also be the case for
LRN and ECN neurons whose migration is also controlled by
cadherins (Taniguchi etal., 2006) and are less compact in absence
of Slit/Robo signaling.

A distinct function for Robo3 in LRN/ECN neurons and
10 neurons
We previously proposed that LRN and ECN neurons are repelled
by Slits after crossing the midline (Marillat et al., 2004). We bring
here direct in vivo evidence suggesting that Slit/Robo signaling
controls the final positioning of LRN and ECN neurons (Fig. 10).
Moreover, midline crossing by LRN neurons appears at least par-
tially rescued in the absence of Robol and Robo2, which is con-
sistent with our initial model of action of Robo3 (Marillat et al.,
2004), and its proposed function in spinal cord commmissural
axons (Sabatier et al., 2004) (i.e., to suppress repulsion mediated
by Robol and Robo2).

In the case of IO axons, however, the role of Robo3 appears to
be different. As discussed above, our data support a role for
Robol and Robo2 in controlling midline crossing of both cell
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The effect of Robo3 on cell bodies of IO
neurons is more difficult to establish con-
clusively. As discussed above, whereas the
cell body of 10 neurons cannot cross the
floor plate in wild type, many cross it in
Robo1/2 or Slit1/2 double mutants, consis-
tent with the idea that Slit1/2 signaling via
Robo1/2 prevents cell bodies from cross-
ing the midline. In the Robol/2/3 triple
mutants, the cell body of ION neurons did
not cross (unlike what is seen in Robol/2

1,-'~

a (e

Figure 6.

520 pm.
WT Slit2" Slit1;Slit2 "
' ‘ \
. — |
Robo1" Robo2" Robo1”;Robo2"
Figure7. ECN defectsin Slitand Robo mutants. A-F, Dorsal view of whole-mount hindbrains of E18 embryos hybridized with

Barhi1 riboprobes. In wild type (4) and Robo7 ~/ ~ single mutant (D), the external cuneatus nucleus (arrowhead) is a dorsal and
ovoid nucleus located at a distance from the fourth ventricle just caudal to the rhombic lip. In S/it2 ~/~ (B), Slit7 ~/ ~,Slit2 ~/ ~
(€), Robo2 ~/~ (E), and Robo1 ~/ ~;Robo2 ~/~ (F), the ECN (arrowheads) is disorganized and does not form a well defined
nucleus. It is also closer to the fourth ventricle and extends more caudally in the hindbrain. Scale bars: A-F, 480 .m.

bodies and axons (Fig. 10). In wild type or Robo1/2 double mu-
tants, IO axons cross the midline, but this crossing is blocked in
Robo3 single mutants. Based on the standard model, we would
expect this result to show that Robo3 normally suppresses repul-
sion mediated by Slitl/2. If that were the case, however, one
might have expected removal of Robo1/2 in the Robo3 mutants
to rescue midline crossing to some degree (a genetic suppression
observed for commissural axons in the spinal cord) (Sabatier et
al., 2004). Unexpectedly, in the Robo1/2/3 triple mutant, all 10
axons fail to cross, as they do in the Robo3 single mutant (Fig. 10).
This provides genetic evidence that Robo3 may function inde-
pendently of Robo1l/Robo2 to guide IO axons at the midline and
be absolutely required for crossing. Robo3 may silence some
other inhibitory midline signaling system. Alternatively, Robo3
may function as an attractive receptor that enables midline cross-
ing (a possibility that has not been excluded in the spinal cord)
(Sabatier et al., 2004).

LRN defects in Slit and Robo mutants. A-D, Coronal sections at the level of the LRN of Robo ™ ~:Robo2 ™~ (A),
Slit1 =/ ~,Slit2 ~/~ (B), Robo2 ~/~ (€), and Robo7 ~/ ~;Robo2 ~/ ~ (D) E18 embryos hybridized with Barhi1 riboprobe. In all
three homozygous mutants, the LRN is not as compact and ventral as in Robo? ™+ ~;Robo2 ™ ~ embryos. Note also the absence
of external cuneatus nucleus (ecn) in Slit7 ~/ ~;Slit2 =/~ (B) and Robo1 ~/ ~;Robo2 ~ ~ (D) double mutants. Scale bars: 4-D,

double mutants), but this could simply re-
flect an indirect effect, because cell bodies
would not be expected cross if the leading
process they are moving in stay ipsilateral.
For this reason, we favor a model in which
Robo3 does not play any role in regulating
the cell body migration of IO neurons, al-
| though the data do not exclude the possi-
bility that Robo3 may play a positive role
in enabling crossing, as we have postulated
for the axons.

The distinct behavior of 10 and LRN
neurons at the midline may rely on a dif-
ferential expression of axon guidance re-
ceptors. Accordingly, LRN neurons do not
seem to express UNCS5B receptors, con-
trary to IO neurons (Bloch-Gallego et al.,
1999).

Likewise, the different types of precer-
ebellar neurons may express distinct
Robo3 isoforms. Several Robo3 splice
variants have been described previously in
vertebrates (Yuan et al., 1999; Jen et al,,
2004; Camurri et al., 2005; Challa et al.,
2005). Robo3 isoforms A and B differ in
their N-terminal portion, which contains
26 additional amino acids in Robo3A
(Camurri et al., 2005). These two isoforms
seem to have distinct functions in ze-
brafish (Challa et al., 2005). More recently,
it was shown (Chen et al., 2008) that there
exists a Robo3.2 isoform differing from a
Robo3.1 isoform in its extreme C terminus
cytoplasmic domain. Interestingly, in spi-
nal cord commissural axons, Robo3.1 is
expressed before crossing and appears to
block Robol/2 repulsion, whereas Robo3.2 is expressed after
crossing and cooperates with Robo1l and Robo2 to repel commis-
sural axons from the floor plate.

Our results suggest that different precerebellar neurons use
different molecular strategies to cross the midline.
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Figure 9. 10 projection and lamellation in Robo7/2/3 triple mutants. A-D, Ventral views of
whole-mount brains (4, B) and coronal sections (€, D) from Dil-labeled E18 Robo3 ~/~ single
mutants (4, €) and Robo1/2/3 triple mutants (B, D). In both, the 10 nucleus is labeled on the
ipsilateral side and 10 axons do not cross the midline. However, in the Robo1/2/3 triple mutants,
the 10 is less compact and fragmented. E, F, Coronal sections at the level of the 10 of E18
Robo3 '~ single mutant (E) and Robo1/2/3 triple mutant (F) hybridized with £r87 ribo-
probes. The 10 lamellation is still recognizable in Robo3 single mutant but not in Robo1/2/3
triple mutants. Scale bars: 4, B, 490 um; C, D, 445 um; E, F, 125 pm.
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Figure10.  Schematic representation of 10 and LRN development in Robo mutants. A, In wild type, the axon of 10 neurons cross

the floor plate but their cell body does not. In Robo7/2 double mutants, all 10 axons and a subset of 10 neurons cross the floor plate
because of a reduction of midline repulsion. In contrast, in Robo3 single mutant and in Robo7/2/3 triple mutant, 10 axons and
neurons are unable to cross the midline. 10 axons project to the ipsilateral cerebellum. B, In wild type and Robo1/Robo2 double
mutants, all LRN axons and neurons cross the floor plate. In Robo3 single mutant, LRN axons and neurons stay ipsilateral and do not
cross the floor plate. In Robo/2/3 triple mutants, midline crossing is restored for at least some LRN axons and neurons.
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